The inability to visualize airway smooth muscle (ASM) cells in vivo is a major obstacle in understanding their role in normal physiology and diseases. At present, there is no imaging modality available to assess ASM in vivo. Confocal endomicroscopy lacks the penetration depth and field of view, and conventional optical coherence tomography (OCT) does not have sufficient contrast to differentiate ASM from surrounding tissues. We have developed a birefringence microscopy platform that leverages the micro-organization of tissue to add further dimension to traditional OCT. We have used this technology to validate ASM measurements in ex vivo swine and canine studies, visualize and characterize volumetric representations of ASM in vivo, and quantify and predict ASM contractile force as a function of optical retardation. We provide in vivo images and volumetric assessments of ASM in living humans and document structural disease variations in subjects with mild asthma. The opportunity to link inflammatory responses to ASM responses and to link ASM responses to clinical responses and outcomes could lead to an increased understanding of diseases of the airway and, ultimately, to improved patient outcomes.
INTRODUCTION
Asthma, a chronic inflammatory disease associated with airway remodeling and airway hyperresponsiveness (AHR), is estimated to affect more than 25 million individuals in the United States alone. The high prevalence and morbidity associated with asthma directly translates to a large economic burden to health care systems. During an acute asthma exacerbation, excessive bronchoconstriction occurs as a result of airway smooth muscle (ASM) activation (1) . The mechanisms that regulate ASM contraction are not clearly understood, although the magnitude of the response appears to be intimately linked to underlying inflammation (1) . Over time, the airway remodels in asthmatics, resulting in a significant increase in the thickness of the bronchial wall due in part to thickening of the ASM through hyperplasia and hypertrophy (2) . This increase in ASM may further intensify bronchoconstriction and compromise lung function. Recent reports have suggested that ASM remodeling plays a key role in asthma control even in nonsevere asthma (3) , yet the ability to assess this remodeling process and determine the severity, spatial heterogeneity, natural history, and, ultimately, the influence of ASM remodeling on airway hyperresponsiveness in patients is currently unachievable. Much of what we know of asthmatic ASM is from biopsy or autopsy studies. Biopsy of ASM has been shown to provide greatly varying results (4) , and assessment of ASM at autopsy only provides a single snapshot in time. In addition, although extensive literature that details the thickening of ASM in asthmatic lungs as assessed through these types of histological studies exists (5, 6) , little attention has been given to the broad morphological alterations engendered by the disease due to the difficulty associated with observing such changes.
The ability to comprehensively visualize ASM in patients over time may have a profound impact on understanding the development and progression of asthma. It may also serve as an important biomarker for asthma phenotyping and for guiding and monitoring therapeutic decisions. Patients with significant ASM thickening may benefit from bronchial thermoplasty, a new therapeutic ablative tool that targets ASM to ameliorate AHR and ultimately relieve asthma symptoms (7) . However, carefully selecting patients with significant baseline ASM remodeling will likely be necessary to optimize patient benefit. In recent years, advances in our understanding of the immunological processes involved in asthma have resulted in the development of new biological agents for targeted therapy, although the reported success of these agents varies greatly likely due to nonspecific patient selection and insufficient endotyping. It is clear that understanding the regulation of ASM function and linking this information to the underlying immunologic processes are critical unmet needs in advancing our understanding of asthma, targeting treatment, and improving patient care. The ability to image ASM structure and function in patients is pivotal to establishing this link.
Unfortunately, no method exists to visualize and directly measure ASM structure and function within a living patient. High-resolution computed tomography imaging does not have sufficient resolution to discern layers of the airway wall, and confocal endomicroscopy lacks the necessary penetration depth to reach the ASM layer. Researchers have attempted to use endobronchial optical coherence tomography (OCT) with limited success. The resolution and depth of penetration of OCT are within the specifications necessary to image ASM fiber bundles that are several tens of micrometers in thickness; however, the intensity of light backscattered from the ASM is not significantly different from other surrounding mucosal tissues and therefore does not provide sufficient contrast for reliable ASM isolation. As a result of these limitations, efforts to use imaging techniques to assess ASM function have been restricted to measurements that involve airway wall thickness and size (8) (9) (10) .
Although OCT relies on the amount of backscattered light from the tissue, there is a wealth of additional information encoded in the returning light that may be used to extract details on the microstructural and micromechanical tissue properties. Tissue form birefringence is the quantifiable anisotropy of ordered structures, such as smooth muscle fiber bundles, manifested in the differential propagation time of orthogonal polarization states of light transmitted through the tissue. Studies have demonstrated the potential of polarizationsensitive OCT for estimating collagen and smooth muscle content in cadaverous aortas by assessing bulk tissue birefringence. However, these studies were not able to discriminate between the tissue types and only provided an estimate of bulk collagen and smooth muscle content (11) . We have developed a functional birefringence microscopy platform that, based on principles of polarimetry, generates both orientation-resolved OCT (OR-OCT) and mechano-microscopy images (Fig. 1) . OR-OCT markedly increases the contrast of OCT by enabling the accurate extraction of the orientation of the birefringent tissue elements, which can be leveraged to isolate the ASM fibers, given their inherent organization into bundles that surround the airway. Mechano-microscopy provides a noninvasive and noncontact imaging means of directly quantifying the ASM contractile force in vivo. Here, we demonstrate the superior accuracy of OR-OCT for quantifying ASM volume as well as the validation of the complementary mechano-microscopy for measuring the contractile force. We have additionally translated the birefringence microscopy platform into the clinic to assess ASM in healthy volunteer and asthmatic subjects, allowing us to quantify ASM fiber morphology and the effects of airway remodeling in asthma. The ability to comprehensively image ASM structure and function in vivo could be paradigm-shifting in how we study asthma and other diseases that The imaging pitch is determined by the ratio of the rotation rate to pullback speed, and a dual-layer torque coil protects the imaging fiber and allows for rotation with minimal distortion. The inner and outer surfaces of the birefringent polymer sheath are used to obtain the reference orientation for in vivo OR-OCT imaging. (C) Outline of the processing steps used for obtaining OCT, OR-OCT, and mechano-microscopy images. A complete description of the components and processing can be found in the Supplementary Materials. FFT, fast Fourier transform.
involve the airways and may also serve as a critical biomarker to more accurately phenotype patients and guide therapeutic management.
RESULTS
We quantitatively assessed ASM mass in bronchial segments from freshly excised swine and canine specimens and validated the results against histopathology. We additionally investigated ASM remodeling metrics as a potential biomarker for asthma in human volunteers. All imaging was conducted using a custom, in-house-developed functional birefringence microscopy platform that enabled the visualization of ASM structure through novel OR-OCT processing techniques and of ASM function through mechano-microscopy. Images were acquired via both a catheter-based imaging and a benchtop microscope. Structural (intensity-based) cross sections were displayed in real time, with the birefringence maps and volumetric reconstructions computed in postprocessing.
OR-OCT for imaging airway smooth muscle ASM plays a critical and multifaceted role in asthma. It is organized into bundles that wrap circumferentially around the airway and, once activated, cause airway narrowing and bronchoconstriction. Regardless of the bronchomotor tone, ASM is birefringent because of its highly ordered structure. By isolating the circumferentially oriented (±30°) birefringence signal, we are able to distinguish ASM from adjacent birefringent tissues including collagen in the lamina propria (Fig. 2) . This anisotropy is encapsulated in the calculation of the tissue's optic axis (OA), which corresponds to the polarization orientation for which the propagation time of light is minimized. OR-OCT allows us to accurately assess the circumferential and longitudinal tissue OA components through the inclusion of polarization-diverse light detection methods (see the Supplementary Materials). In our OR-OCT, images highlighting the ASM OA values outside of ±30°w ith respect to the circumferential orientation were excluded. This range was chosen to encompass the range of ASM fiber bundle orientation angles previously reported (12) .
With fiber optic-based imaging, and especially in situations where a rotating fiber optic catheter is used, establishing absolute tissue orientation is rendered nontrivial by the scrambling of polarization states that occurs when the signal propagates through the optical fiber. To address this difficulty, we have developed a means of obtaining information about the tissue orientation that uses the birefringence of the catheter sheath that houses the imaging optics (figs. S1 and S2 and Supplementary Materials). We have validated this technique using rubber phantoms ( fig. S3 ) and in biological tissue ( fig. S4 ). In addition to anisotropic isolation of the ASM fiber bundles, several data processing techniques were used to more accurately represent the data depicted here. These include spectral binning of the polarization data (13) to reduce the impact of polarization mode dispersion (14) , as well as novel techniques for filtering and circularizing the data (figs. S5 and S6, respectively). All OCT images were circularized or rescaled using a uniform refractive index of n = 1.35 for tissue and n = 1 for air. The value n = 1.35 was chosen because it corresponds to the mean refractive index of soft tissue at our system's central wavelength of 1310 nm (15) .
To demonstrate the accuracy of OR-OCT for assessing ASM structure using our birefringence microscopy platform, we conducted an ex vivo study using freshly excised canine (Fig. 3 , A and B) and swine (Fig. 3 , C and D) bronchi. Blinded assessments of ASM area calculated by independent readers on the OR-OCT and the a-smooth muscle actin-stained histology pairs were found to be highly correlated (R 2 = 0.91; Fig. 3E ). Considered separately, the 80 paired images for the canine assessments had an R 2 of 0.81, whereas the 82 paired swine images had an R 2 of 0.92. We attribute the reduced correlation calculated in the canine samples to the delay from animal sacrifice to imaging, resulting in increased tissue degradation, which is known to have a deleterious effect on image fidelity (16) . A BlandAltman analysis was performed to assess the agreement between the OR-OCT measurements of ASM against those obtained from the matched histology slides (Fig. 3F) . The results reveal a high concordance with minimal bias (bias, −0.02 mm 2 ; 95% confidence interval, −0.277 to +0.236 mm 2 ). We additionally observed that, compared to swine bronchi, which have clean, ordered tissue layers with minimal perichondria, canine bronchi appeared more irregular, with an S7 , inset for bisection schematic). Features such as the epithelium (e), lamina propria (lp), perichondrium (p), and cartilage (c) rings are well defined, but the smooth muscle is often indistinguishable from surrounding glandular and connective tissue. (B) Using our birefringence microscopy platform, we are able to separate out the circumferentially oriented (±30°) birefringent tissue that corresponds to the smooth muscle. (C) The OCT image was matched to histology stained with a-smooth muscle actin (aSMA). Comparison between the OR-OCT image and the aSMA-stained histology reveals the high degree of isolation and sensitivity our platform is capable of for identifying smooth muscle. Scale bars, 500 mm.
increased abundance of both ASM and perichondrial tissue, particularly in the more distal airways, similar to human airways.
In vivo assessment of ASM remodeling in asthma patients
To provide some insight into the morphological changes associated with asthma and to demonstrate the potential role of OR-OCT in monitoring these changes, we performed in vivo imaging on subjects with mild allergic asthma and on healthy controls (see table S1 for subject characteristics). Subsegmental bronchi of comparable diameter located in the right upper lobe were imaged, and the ASM morphology was assessed to determine the differences between the two groups (Fig. 4) . To enhance the visibility of ASM remodeling in asthma through hyperplasia and hypertrophy, we have parameterized the volumetric reconstructions and en face views by encoding ASM thickness in color (see the Supplementary Materials for more details).
Using the thickness-encoded volumetric data, it is possible to both visualize and quantify the morphological ASM remodeling changes that are present in the asthmatic airway. To do this, we assessed the ASM fiber bandwidth and thickness within the airways of six volunteer subjects in vivo (n = 3 asthmatic and n = 3 healthy controls). Longitudinal segments (6 mm) of equal airway diameter (±0.1 mm) were assessed in each of the study participants. Segments that were free from airway bifurcations or excessive mucus were chosen. Representative longitudinal reslices from airway sections obtained from a nonasthmatic healthy control (Fig. 4E) and from an asthmatic subject (Fig. 4F ) demonstrate the identification of ASM band peaks as well as ASM bandwidths. These parameters were averaged for each subject for comparison between the asthmatic and healthy control groups (Fig. 4, G Dynamic assessment of ASM contractile force using mechano-microscopy Although ASM remodeling is known to occur in asthmatic subjects, little is known about the functional consequences of this remodeling and how it affects AHR. Of particular interest is determining whether asthmatic ASM cells themselves are hypercontractile or whether the AHR observed in asthmatics is solely a result of an increase in ASM volume and the interaction with inflammatory cells (19) . The ability to not only assess ASM structure but also assess ASM function in patients in vivo could potentially be instrumental in increasing our understanding of the functional aspects of asthma, in guiding patient management, and in assessing the therapeutic response. Using mechano-microscopy, we demonstrate that we can precisely estimate the force of contraction of the ASM based on the birefringence signature.
Optical retardation can be associated with the density and degree of order of the birefringent elements (20, 21) . Previous work using polarized light microscopy found that the bulk birefringence of excised ASM strips increased during muscle contraction (22, 23) . Although this approach is interesting, it offered no viable pathway for studying ASM contraction in vivo. To assess muscle contraction, our birefringence microscopy platform was set up in a benchtop microscope configuration for imaging sections of the trachea, including the trachealis muscle, from swine. Airway segments were mounted onto an isometric force transducer, and contraction was stimulated using methacholine. During contraction, the exerted force was measured concurrently with image acquisition (fig. S7) . Analysis of the isolated ASM local retardation and the measured force of contraction yielded a consistently linear relationship (R 2 = 0.942), providing strong evidence that the retardation of the ASM fibers can be associated with a change in stress induced on the fibers (Fig. 5) . The force transducer measures the force exerted by the entire sample, and as a result, the measured force is dependent on the transverse (out-of-plane) cross-sectional area of ASM in the sample, whereas the imaging plane is oriented along the circumferential axis (with a transverse thickness of about 25 mm determined by the beam waist at the focus). To compare the ASM contractile force and measured local retardation between samples, we estimated the average cross-sectional ASM area in each and corrected for the difference ( fig. S8 , Supplementary Materials, and Materials and Methods). To establish this relationship, we assumed that the trachealis muscle acts only in the circumferential direction. Correcting for the area of ASM resulted in the close agreement between the samples, yielding a mean mechano-microscopy coefficient of 1.558 × 10 3 g mm/(deg cm 2 ) (Fig. 5D) .
To establish the translatability of these results to an in vivo setting, we conducted mechano-microscopy imaging to investigate changes in birefringence observed during contraction using clinically viable bronchoscopic catheters. Volumetric imaging of an ex vivo segment of swine bronchus (5.0 mm in diameter) was performed at two separate time points that correspond to the at-rest and contracted states after the application of methacholine (Fig. 6) . The premethacholine and postmethacholine data sets were analyzed, and the airway area, ASM thickness, and ASM local retardation were quantified. By comparing the two airway states, we calculated a decrease in airway lumen diameter of 9.0%, a minute decrease in ASM thickness of 0.9% (possibly due to strain-induced compression that balances the reduction in ASM circumference), and an increase in ASM local retardation of 73.4% for the contracted state. Using the ASM volume-adjusted relationship between local retardation and stress that we obtained from the previous experiment, we calculated the total pressure exerted during the contraction of the airway segment to be 17.4 cmH 2 O. This predicted pressure value appears consistent with previously reported results obtained from swine bronchial segments in response to acetylcholine (24) , given the airway-narrowing observed (25) .
DISCUSSION
Through the development of our birefringence microscopy platform, together with novel processing techniques, we were able to synergistically image and assess ASM structure and physiologic function in human subjects for the first time. This is achieved by using the optical orientation of birefringent tissue to generate OR-OCT images of ASM and the local retardation to assess the contractile force through innovative mechano-microscopy techniques. We additionally devised novel calibration algorithms to ensure the compatibility with our standard clinical endobronchial OCT catheters, enabling OR-OCT and mechanomicroscopy imaging to be used in vivo during bronchoscopy procedures, with minimal additional demands placed on the clinician or patient. The ability to comprehensively image and quantify ASM structure and function will likely emerge as a key factor in the assessment of asthma. Asthma often presents a therapeutic challenge to clinicians. Endotypes of asthma have been shown to respond differently to therapeutics, as has been demonstrated in clinical trials assessing immunomodulatory agents (26) . Likewise, asthmatic patients presenting with increased ASM thickness have shown increased response to bronchial thermoplasty (27, 28) , further suggesting that ASM may serve as a critical biomarker for therapeutic decision-making. The potential to link ASM mass, activation state, and bronchomotor tone to the underlying inflammatory processes that likely drive asthma pathogenesis will be a major advance. We have begun to do this by using our birefringence microscopy platform to study the differences in the airways of allergic patients with and without asthma. We have found that patients with mild allergic asthma have markedly increased ASM mass compared to allergic patients without asthma and to healthy controls (29) . Allergic subjects without asthma had ASM comparable to healthy controls. This is notable because it suggests a fundamental difference in ASM even in mild asthmatics. Understanding what drives this difference in ASM and what mediates ASM contraction in asthma will be a major advance in our understanding of asthma pathogenesis and is now approachable using birefringence microscopy in conjunction with detailed characterization of the airway immune and inflammatory response.
The implications of this technological advancement in enabling the in vivo assessment of ASM structure and, perhaps more importantly, function will likely extend beyond asthma and will be useful in assessing ASM structure and function in other airway-based diseases, such as chronic obstructive pulmonary disease and cystic fibrosis, and to other organ systems such as the gastrointestinal tract or cardiovascular system where smooth muscle cells play an integral role in physiological function. The robust, nonionizing, and relatively noninvasive nature of this platform enables immediate clinical implementation, which will provide unprecedented details of airway structure and function not offered by existing technologies.
MATERIALS AND METHODS

Study design
The purpose of this study was to investigate the ability of our birefringence microscopy platform to assess ASM distribution and function. In the first experiment, swine and canine airways were imaged ex vivo, and the ASM areas were measured and compared to histology. A total of 162 matches were assessed for ASM area, with the histology and cross-sectional images assessed by two independent blinded readers. The next experiment involved volumetric imaging of three asthmatic and three healthy control individuals, which were randomly selected. In this experiment, the volumetric ASM distributions were compared between the two groups using semiautomated quantification algorithms. Finally, ex vivo imaging was performed during muscle contraction, and the change in birefringence was related to the force of muscle contraction. The calculated birefringence-force parameter was then used to estimate the pressure exerted during the contraction of a segment of a swine airway.
Birefringence microscopy imaging system
The system we used for all imaging data presented was a custombuilt microscopy platform based on OCT. Polarization sensitivity was achieved by inter-A-line modulation, producing birefringence maps composed of half the number of A-lines per frame as the intensitybased images. A-lines in the birefringence images were then doubled; thus, the horizontal pixel count matched that of the intensity-based images. The image acquisition rate was 33 frames per second for 2048 (intensity) A-lines per frame, with real-time images displayed at 6 frames per second. A schematic of the system is presented in Fig. 1 , and a detailed description of the system components, image processing, and display can be found in the Supplementary Materials.
Ex vivo canine and swine bronchi imaging procedure Swine lungs were obtained from the Massachusetts General Hospital Knight Surgical Lab within 1 to 2 hours of sacrifice. Seventeen airway segments ranging in diameter from 3 to 7 mm and in length from 1 to 2 cm were imaged using the endoscopic birefringence microscopy platform. Freshly excised canine lungs were obtained from the Boston Scientific Corporation, where they were immersed in Hepes-buffered saline (Sigma-Aldrich) and shipped to our laboratory overnight. Nineteen canine airway segments ranging in diameter from 2 to 5 mm and in length from 1 to 2 cm were also imaged.
To prepare the segments for imaging, they were dissected from the lung and placed on cotton gauze. A saline flush was then performed to clear the airway of any blood that was present as a result of the dissection, and the imaging catheter was placed within the airway segment. The imaging catheter pullback rate for all of the excised airway segments was 0.5 mm/s, corresponding to an image-to-image pitch of about 15 mm.
Histology and ASM correlation
Imaged airway segments were fixed in formalin for 48 hours and submitted for histology. Approximately 10 evenly spaced histology sections were cut from each airway segment. Of the 10 sections, 5 were selected for matching that adhered to the following criteria: closed airway free of side branches, intact epithelium, and little to no tissue processing artifacts. Each slide selected was matched to a corresponding OCT frame. Using both hematoxylin and eosin (for matching) and polyclonal rabbit anti-a-smooth muscle actin (Abcam) for assessing ASM, the stains were digitized using a NanoZoomer 2.0-RS (Hamamatsu Corp.) at a magnification of ×5. Manual segmentation of the ASM and computation of the associated ASM area were performed on both the OR-OCT and the corresponding digitized histology slides in ImageJ (National Institutes of Health) by two independent blinded readers.
Local retardation correlation with ASM contractile force Fresh swine tracheas were obtained from swine sacrificed in the Massachusetts General Hospital Knight Surgical Lab. To image the trachealis muscle, a tracheal ring about 5 mm in length was dissected from the trachea, and from this ring, a section extending several millimeters beyond either edge of the trachealis muscle was further dissected. The lengths of the muscle bundles were approximately 1 cm, with a width of 2 mm. The thickness of the muscle was estimated from the imaged cross section and varied slightly from sample to sample. Before imaging, the tissue was allowed to equilibrate for 1 hour in a Krebs-Henseleitbuffered solution maintained at 37°C and a pH of 7.4.
The tracheal section was mounted to the force transducer setup, and a baseline tension of approximately 10% above resting tension was applied. To assess the contractile response to methacholine, 1 ml of saline solution of methacholine (10 −1 M) was applied to the tissue lumen using a syringe to stimulate contraction while imaging. The resultant local retardation data were averaged over 5 s intervals for smoothness and clarity. For additional details regarding the force measurement setup, see the Supplementary Materials.
Volumetric imaging of swine airway segment at relaxed and contracted states Swine lungs were obtained as previously described, and a 2.7-cm-long segment with an average inner diameter of 5 mm (as measured from structural OCT images) was equilibrated in a Krebs-Henseleit solution and placed horizontally on cotton gauze. The imaging catheter was centered in the segment, and volumetric imaging at a pullback rate of 1 mm/s was performed 5 s after the application of 1 ml of methacholine (10 −1 M) to the luminal and outer surfaces of the segment and, again, 3 min after contraction had begun. ASM isolation and thickness calculations were accomplished according to the procedures laid out in the Supplementary Materials. To determine the exerted pressure as a result of the ASM contraction, the volume of ASM was calculated, and the previously determined mechano-microscopy coefficient for swine ASM was applied. The total exerted force was subsequently converted to pressure, according to standard equations used in the calculation of the circumferential stress of a thin-walled cylinder subject to internal pressure (see the Supplementary Materials).
Imaging human volunteers during bronchoscopy
This study was approved by the Massachusetts General Hospital Institutional Review Board. Informed consent was obtained from all subjects. Study participants underwent baseline pulmonary function testing with methacholine to determine asthma status according to the American Thoracic Society criteria for the diagnosis of asthma (30) . Subject characteristics are included in table S1. Shortly after baseline testing, a bronchoscopy procedure was performed at which time OR-OCT images were collected by advancing the imaging catheter through the bronchoscope access channel. Airway segments 3 cm in length were imaged in 30 s. All imaging locations included in this manuscript were obtained from subsegmental bronchi located in the right upper lobe. Details outlining the methods used for determining the ASM thickness and band parameter calculations can be found in the Supplementary Materials.
Statistical analysis
Statistical analyses were performed using GraphPad Prism (version 6). Arithmetic means were compared using two-tailed t tests, with P values less than 0.05 considered statistically significant.
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